1 2 Genome regulation depends on carefully programmed protein-DNA interactions that maintain or 3 alter gene expression states, often by influencing chromatin organization. Most studies of these 4 interactions to date have relied on bulk methods, which in many systems cannot capture the 5 dynamic single-cell nature of these interactions as they modulate cell states. One method allowing 6 for sensitive single-cell mapping of protein-DNA interactions is DNA adenine methyltransferase 7 identification (DamID), which records a protein's DNA-binding history by methylating adenine 8 bases in its vicinity, then selectively amplifies and sequences these methylated regions. These 9
Introduction 24
Complex life depends on the protein-DNA interactions that constitute and maintain the epigenome, 25
including interactions with histone proteins, transcription factors, DNA (de)methylases, and 26 chromatin remodeling complexes, among others. These interactions enable the static DNA 27 sequence inside the nucleus to dynamically execute different gene expression programs that shape 28 the cell's identity and behavior. Methods for measuring protein-DNA interactions have proven 29 indispensable for understanding the epigenome, though to date most of this knowledge has derived 30 from experiments in bulk cell populations. By requiring large numbers of cells, these bulk methods 31
can fail to capture critical epigenomic processes that occur in small numbers of dividing cells, 32
including processes that influence embryo development, developmental diseases, stem cell 33 differentiation, and certain cancers. By averaging together populations of cells, bulk methods also 34 fail to capture important epigenomic dynamics occurring in asynchronous single cells during 35 differentiation or the cell cycle. Because of this, bulk methods can overlook important biological 36 heterogeneity within a tissue. It also remains difficult to pair bulk biochemical data with imaging 37
data, which inherently provide information in single cells, and which can reveal the spatial location 38 of protein-DNA interactions within the nuclei of living cells. These limitations underline the need 39 for high-sensitivity single-cell methods for measuring protein-DNA interactions. 40
41
Most approaches for mapping protein-DNA interactions rely on immunoaffinity purification, in 42 which protein-DNA complexes are physically isolated using a high-affinity antibody against the 43 protein, then purified by washing and de-complexed so the interacting DNA can be amplified and 44 measured. The most widely used among these methods is chromatin immunoprecipitation with 45 sequencing (ChIP-seq; Barski et al. 2007 , Johnson et al. 2007 ), which has formed the backbone of 46 specifically label and visualize protein-DNA interactions using fluorescence microscopy, 93 revealing their spatial location within the nucleus in live cells (Kind et al. 2013 ). Visualization 94 requires co-expression of a different fusion protein called m6 A-Tracer, which contains green 95 fluorescent protein (GFP) and a domain that binds specifically to methylated GATC sites. This 96 imaging technology has been applied to visualize the dynamics of LADs within single cells (Kind 97 et al. 2013) . Many recent efforts have aimed to measure chromatin organization in single cells, to 98 better understand the heterogeneity of cells within tissues and the biological underpinnings of their 99 gene expression states (reviewed by Kelsey et al. 2017 ). Both imaging and sequencing protein-100 DNA interactions can provide useful single-cell epigenomic information, but despite recent 101 advances in single-cell sequencing technologies, it remains fundamentally difficult to track 102 individual cells and pair their sequencing data with other measurements such as imaging. Pairing 103 imaging and sequencing data could be applied to study, for example, how the dynamic remodeling 104 of chromatin proteins across the genome in developing cells relates to the localization of those 105 proteins in the nucleus. 106
107
Here we aimed to pair DamID with m6 A-Tracer imaging to produce coupled imaging and 108 sequencing measurements of protein-DNA interactions in the same single cells. To achieve this, 109
we engineered an integrated microfluidic device that enables single-cell isolation, imaging, 110 selection, and DamID processing, which we call "µDamID." We applied our device to image and 111 map nuclear lamina interactions in a transiently transfected human cell line co-expressing m6 A-112
Tracer, and we validated our measurements against bulk DamID data from the same cell line as 113 well as other human cell lines (Lenain et al. 2017 , Kind et al. 2015 . We discuss the advantages 114 and potential applications of our device as well as future improvements to this system. 115
Results and Discussion 116
Design and operation of a microfluidic device with valve-actuated active cell traps 117
We designed and fabricated a polydimethylsiloxane (PDMS) microfluidic device with integrated 118 elastomeric valves to facilitate the various reaction stages of the DamID protocol in a single liquid 119 phase within the same device (Figure1). The device is compatible with high-magnification imaging 120 on inverted microscopes, enabling imaging prior to cell lysis. Each device was designed to process 121 buffer containing detergent and proteinase pushes the cell into the lysis chamber, where its 145 membranes are lysed and its proteins, including m6 A-Tracer, are digested away. Next, a DpnI 146 reaction mix is added to digest the genomic DNA at Dam-methylated GATC sites in the digestion 147 chamber. Then, a mix of DamID universal adapter oligonucleotides and DNA ligase is added to 148 the ligation chamber. Finally, a PCR mix is added containing primers that anneal to the universal 149 adapters is added and all valves within the lane are opened, creating a 120 nl cyclic reaction 150 chamber. Contents are thoroughly mixed by peristaltic pumping around the reaction ring, then 151 PCR is carried out on-chip by thermocycling. Amplified DNA is collected from each individual 152 lane outlet, and sequencing library preparation is carried out off-chip. 153
154

Application to map lamina-associated domains in a human cell line 155
We evaluated the performance of this platform by mapping the sequence and spatial location of had high fluorescence levels across the nucleus and did not appear mitotic. We also performed 207 DamID in bulk transiently transfected HEK293T cells for validation (Vogel et al. 2007 ). We used 208 a mutant of Dam (V133A; Elsawy and Chahar 2014), which is predicted to have weaker 209 methylation activity than the wild-type allele on unmethylated DNA, to reduce background 210 methylation. We performed bulk DamID experiments comparing the mutant and wild-type alleles 211 and found that the V133A mutant allele provides more than twofold greater signal-to-background 212 compared to the wild-type allele (Supplementary Figure 2) . We also performed RNA sequencing 213 in bulk cells that were untreated or transfected with Dam-only, Dam-LMNB1, or m6 A-Tracer, and 214 we found only two differentially expressed genes (Supplementary Figure 3 ). This corroborates 215 similar published findings by others showing that Dam expression and adenine methylation have 216 little or no effect on gene expression in HEK293T cells (Park et al. 2018) . 217
218
We ran three devices containing 25 imaged cells total, with empty lanes left as negative controls, 219 which did not yield sequenceable quantities of DNA. From these, we selected 18 cells total for 220 multiplexed sequencing, including 15 Dam-LMNB1 cells and 3 Dam-only cells, to achieve a 221 desired level of coverage per cell. Selection was based on image quality and initial DNA 222 quantification data from each sample (see Methods). We included one anomalous Dam-LMNB1 223 cell that appeared to have high fluorescence in the nuclear interior, predicting that it might have 224 higher background DamID coverage in non-LAD regions (cell #7). After sequencing, we excluded 225 3 Dam-LMNB1 cells containing a high fraction of sequencing reads mapping to the transfected 226 plasmids ( Supplementary Figure 4) ; the 15 remaining cells had less than 5% of mapped reads 227 mapping to plasmid DNA. For these 15 remaining cells, we obtained a median of roughly 600,000 228 raw reads per cell (range 300k-2.7M), covering a median of 110,000 unique DpnI fragments per 229 cell (37k -370k), in line with previous DamID results from single cells (Kind et al. 2015) . Pearson's r that ciLADs have little or no coverage and the cLADs have high coverage. Given these control 297 distributions, we chose a coverage threshold to maximally separate the known cLADs and ciLADs. 298
Across the 11 Dam-LMNB1 cells, we determined thresholds that distinguish the known cLADs 299 and ciLADs with a median accuracy of 96% (range 83-99%), which correlates positively with the 300 number of unique DpnI fragments sequenced per cell (Figure 2d ). We also plotted receiver 301 operating characteristic (ROC) curves for each cell, showing the empirical tradeoff between false 302 positive and false negative LAD calls at varying thresholds (Figure 2e ). 303
304
After choosing a threshold for each cell to maximize classification accuracy between the control 305 sets, we applied these thresholds to make binary LAD classifications across the rest of the genome. 306
At each bin in the genome, we counted the number of Dam-LMNB1 cells in which that bin was 307 classified as an LAD (out of 11 total cells). As expected, bins belonging to the cLAD control sets 308 are classified as LADs in almost all 11 of the cells while bins belonging to the ciLAD control sets 309 are classified as LADs in almost none of the cells (Figure 3a given the range of error rates within individual cells. Among bins called as LADs in 4-7 cells, we 342 computed the joint probability of observing that number of cells under two null models: one 343 consisting of true positives and false negatives, and one consisting of true negatives and false 344 positives (see Methods). We selected only the subset of bins with low p-values (p<10 -8 ) under both 345 null models, providing high confidence that these variable LAD regions are truly variable between 346 cells ( Figure 3a ). We hypothesized that these stringently defined regions, which comprise 13% of 347 the genome, would be more gene rich and have higher gene expression than cLADs, given their 348 To quantify these observations across all cells, for each image we generated an averaged GFP 391 intensity profile plot as a function of the distance from the edge of the nuclear lamina (Figure 4b) . 392
Using these profiles, we computed the ratio of mean GFP intensity at the nuclear lamina compared 393 to the nuclear interior, which is small for the Dam-only cells and cell #7, and large for the Dam-394 LMNB1 cells. Then, we compared these imaging ratios to a computed sequencing signal-to-noise 
Conclusions 411
We have demonstrated the use of an integrated microfluidic device for single-cell isolation, 412 imaging, and sorting, followed by DamID. This system enables the acquisition of paired imaging 413 and sequencing measurements of protein-DNA interactions within single cells, giving a readout of 414 both the 'geography' and identity of these interactions in the nucleus. Specifically, we tested the 415 device by mapping well-characterized interactions between DNA and proteins found at the nuclear 416 lamina, providing a measure of genome regulation and 3D chromatin organization within the cell, 417
and recapitulating similar maps in other cell types. This technology could be applied to study many 418 other types of protein-DNA interactions in single cells, and it could be combined with other 419 sequencing and/or imaging modalities to gather even richer information from each cell. For 
Mold fabrication 480
Molds for casting each layer were fabricated on silicon wafers by standard photolithography. 481
Photomasks for each layer were designed in AutoCAD and printed at 25400 DPI (CAD/Art 482 Services, Inc., Bandon, Oregon). The mask for the thick layer, in this case the flow layer to make 483 push-up valves, was scaled up in size uniformly by 1.5% to account for thick layer shrinkage. A 484 darkfield mask was used for features made out of negative photoresist: the filters on the flow layer 485 and the entire control layer; a brightfield mask was used for all flow layer channels, which were 486 made out of positive photoresist (mask designs available on GitHub; see Data Availability section 487 below). 10 cm diameter, 500 µm thick test-grade silicon wafers (item #452, University Wafer, 488
Boston, MA) were cleaned by washing with 100% acetone, then 100% isopropanol, then DI water, 489 followed by drying with an air gun, and heating at 200°C for 5 minutes. 490
491
To make the control layer mold, SU-8 2025 negative photoresist (MicroChem Corp., 492
Westborough, MA) was spin-coated to achieve 25 µm thickness (7 s at 500 rpm with 100 rpm/s 493 ramp, then 30 s at 3500 rpm with 300 rpm/s ramp). All baking temperatures, baking times, 494 exposure dosages, and development times followed the MicroChem data sheet. All baking steps 495 were performed on pre-heated ceramic hotplates. After soft-baking, the wafer was exposed beneath 496 the darkfield control layer mask using a UV aligner (OAI, San Jose, CA). After post-exposure 497 baking and development, the mold was hard-baked at 150°C for 5 minutes. 498
499
To make the flow layer mold, first the filters were patterned with SU-8 2025, which was required 500 to make fine, high-aspect-ratio filter features that would not re-flow at high temperatures. SU-8 501 2025 was spin-coated to achieve 40 µm thickness (as above but with 2000 rpm final speed) and 502 processed according to the MicroChem datasheet as above, followed by an identical hard-bake 503 step. Next, AZ 40XT-11D positive photoresist (Integrated Micro Materials, Argyle, TX) was spin-504 coated on top of the SU-8 features to achieve 20 µm thickness across the wafer (as above but with 505 3000 rpm final speed). All baking temperatures, baking times, exposure dosages, and development 506 times followed the AZ 40XT-11D data sheet. After development, the channels were rounded by 507 reflowing the photoresist, achieved by placing the wafer at 65°C for 1 min, then 95°C for 1 min, 508 then 140°C for 1 min followed by cooling at room temperature. In our experience, reflowing for 509 too long, or attempting to hard-bake the AZ 40XT-11D resulted in undesirable 'beading' of the 510 resist, especially at channel junctions. Because it was not hard-baked, no organic solvents were 511 used to clean the resulting mold. Any undeveloped AZ 40XT-11D trapped in the filter regions was 512 carefully removed using 100% acetone applied locally with a cotton swab. 513 514
Soft lithography 515
Devices were fabricated by multilayer soft lithography (Unger et al. 2000) . On-ratio 10:1 516 base:crosslinker RTV615A PDMS (Momentive Performance Materials, Inc., Waterford, NY) was 517 used for both layers, and layer bonding was performed by partial curing, followed by alignment, 518 then full curing (Lai et al. 2019 ). To prevent PDMS adhesion to the molds, the molds were 519 silanized by exposure to trichloromethlysilane (Sigma-Aldrich, St. Louis, MO) vapor under 520 vacuum for 20 min. PDMS base and crosslinker were thoroughly mixed by an overhead mixer for 521 2 minutes, then degassed under vacuum for 90 minutes. Degassed PDMS was spin-coated on the 522 control layer mold (for the 'thin layer') to achieve a thickness of 55 µm (7 s at 500 rpm with 100 523 rpm/s ramp, then 60 s at 2000 rpm with 500 rpm/s ramp), then placed in a covered glass petri dish 524 and baked for 10 minutes at 70°C in a forced-air convection oven (Heratherm OMH60, Thermo 525
Fisher Scientific, Waltham, MA) to achieve partial curing. The flow layer mold (for the 'thick 526 layer') was placed in a covered glass petri dish lined with foil, and degassed PDMS was poured 527 onto it to a depth of 5 mm. Any bubbles were removed by air gun or additional degassing under 528 vacuum for 5 minutes, then the thick layer was baked for 19 minutes at 70°C. Holes were punched 529 using a precision punch with a 0.69 mm punch tip (Accu-Punch MP10 with CR0420275N19R1 530 punch, Syneo, Angleton, TX). The thick layer was peeled off the mold, cut to the edges of the 531 device, and aligned manually under a stereoscope on top of the thin layer, which was still on its 532 mold. The layers were then fully cured and bonded together by baking at 70°C for 120 min. After 533 cooling, the devices were peeled off the mold, and the inlets on the thin layer were punched. The 534 final devices were bonded to 1 mm thick glass slides, which were first cleaned by the same method 535 as used for silicon wafers above, using oxygen plasma reactive ion etching (20 W for 23 s at 285 536 Pa pressure; Plasma Equipment Technical Services, Brentwood, CA), followed by heating at 537 100°C on a ceramic hot plate for 5 minutes. (to be made available on github). A layer of mineral oil was applied between the chip and the 550 temperature controller to improve thermal conductivity and uniformity. A stereoscope was used to 551 monitor the chip while on the temperature controller. 552
553
To set up each new device, each pneumatic valve was connected to one control inlet on the 554 microfluidic device by serially connecting polyurethane tubing (3/32" ID, 5/32" OD; 555 Pneumadyne) to Tygon tubing (0.5 mm ID, 1.5 mm OD) to >4 cm PEEK tubing (0.25 mm ID, 0.8 556 mm OD; IDEX Corporation, Lake Forest, IL). Solenoid valves were energized to de-pressurize 557 the tubing and the tubing was primed by injecting water using a syringe connected to the end of 558 the PEEK tubing, then the primed PEEK tubing was inserted directly into each punched inlet hole 559 on the device. Solenoid valves were de-energized to pressurize the tubing until all control channels 560 on the device were fully dead-end filled, then each microfluidic valve was tested and inspected by 561 switching on and off its corresponding solenoid valve. All valves were opened and the device was 562 passivated by filling all flow-layer channels with syringe-filtered 0.2% (w/w) Pluronic F-127 563 solution (P2443; MilliporeSigma, St. Louis, MO) from the reagent inlet and incubating at room 564 temperature for 1 hour. The device was then washed by flowing through 0.5 ml of ultra-filtered 565 water, followed by air to dry it. 566 567
Device operation 568
Initially, all chamber valves and reagent inlet valves were closed. Gel-loading pipette tips were 569 used to inject reagents and cells into the flow channels. To prepare the device for operation, pick 570 buffer was injected into the reagent inlet and pressurized at 5-10 psi to dead-end fill the reagent 571 inlet channels. Negative controls were generated by injecting pure pick buffer into one of the 572 holding chambers before trapping and sorting cells into the other lanes. 50 µl of cell suspension 573 was then loaded into a gel-loading pipette tip, and injected directly into the cell inlet. A high-574
precision pressure regulator was used to load the single-cell suspension at 1 psi (7 kPa). Cells were 575 observed in the filter region with brightfield and epifluorescence using a 10X objective to identify 576 candidate cells. These were then tracked through the device until they approached the trapping 577 chamber for an empty lane. To trap a candidate cell, the device's peristaltic pump was operated at 578 1 Hz to deliver that cell to the trap region. The trap valves (above and below the trap region; see 579 Figure S1 ) were closed and the cell was imaged with scanning confocal microscopy as described 580
above. If the cell was rejected after imaging, the trap valves were opened and it was flushed to the 581 waste outlet. Otherwise, the cell was injected into the holding chamber by dead-end filling. This 582 process was repeated to fill each lane with single cells for DamID. To test background DNA levels, 583
we filled the final lane with only cell suspension buffer. Nearly undetectable levels of amplified 584 DNA were recovered from these lanes. 585
586
After filling all 10 lanes, the reagent inlet and cell trapping channels were flushed with 0.5 ml of 587 water, which exited through the waste outlet and the cell inlet, to remove any remaining Pick buffer 588 or cell debris, then air dried. The same washing and drying was repeated between each reaction 589 step. To inject reagents for each reaction of the DamID protocol, the trap valves were closed, the 590 reagent channels were dead-end filled with freshly prepared and syringe-filtered reagent, then the 591 reagent inlet valves and the valves for the necessary reaction chambers were opened, and each lane 592 was dead-end filled individually to prevent any possible cross-contamination. Reaction contents 593 are described in Table 1 . 594
After filling all lanes, reagents were mixed by actuating the chamber valves at 5 Hz for 5 minutes. 595
At the PCR step, rotary mixing was achieved by using the chamber valves to make a peristaltic 596 pump driving fluid around the full reaction ring. For each reaction step, the device was placed on 597 the thermal controller and reactions were with times and temperatures described in Table 1 . PCR 598 thermocycling conditions are described in Table 2 µM AdRb in a microcentrifuge tube, then fully submerge it in a beaker of boiling water, and allow 618 the water to equilibrate to room temperature slowly. ). Trimmed reads were aligned to a custom reference (hg38 reference sequence plus the Dam-717 LMNB1 and m6 A-Tracer plasmid sequences) using BWA-MEM (v0.7.15-r1140, Li 2013). 718
Alignments with mapping quality 0 were discarded using samtools (v1.9, Li et al. 2009 ). The hg38 719 reference sequence was split into simulated DpnI digestion fragments by reporting all intervals 720 between GATC sites (excluding the GATC sites themselves), yielding 7180359 possible DpnI 721 fragments across the 24 chromosome assemblies. The number of reads overlapping each fragment 722 Noise was removed by removing points with a nearest neighbor more than 2 microns away. Edge 753 point coordinates were converted to polar coordinates, and the farthest points from the origin in 754 each 10 degree arc were reported. Within each 10 degree arc, all pixel intensities from the original 755 image within the edges of the nucleus were reported as a function of their distance from the farthest 756 edge point in that arc to make Figure 4b . For each cell a loess curve (span 0.3) was fitted to the 757 data after subtracting the minimum intensity value within 3.5 microns of the edge. The 758
Lamina:Interior ratio was computed as the ratio of mean intensity of pixels within 1 micron of the 759 edge to the mean intensity of pixels more than 3.5 microns from the edge, after subtracting the 760 minimum value of the loess curve for that cell. 
